Abstract Diabetic retinopathy (DR) is a polygenic disorder. Twin studies and familial aggregation studies have documented clear familial clustering. Heritability has been estimated to be as high as 27 % for any DR and 52 % for proliferative diabetic retinopathy (PDR), an advanced form of the disease. Linkage analyses, candidate gene association studies and genome-wide association studies (GWAS) performed to date have not identified any widely reproducible risk loci for DR. Combined analysis of the data from multiple GWAS is emerging as an important next step to explain the unaccounted heritability. Key factors to future discovery of the genetic underpinnings of DR are precise DR ascertainment, a focus on the more heritable disease forms such as PDR, stringent selection of control participants with regards to duration of diabetes, and methods that allow combination of existing datasets from different ethnicities to achieve sufficient sample sizes to detect variants with modest effect sizes.
Introduction
Diabetic retinopathy (DR) is the leading cause of blindness in Americans between 20 and 74 years of age [1] . The frequency and severity of DR among patients with diabetes mellitus is heterogeneous [2, 3] . Known risk factors, most notably duration of diabetes and glycemic control, explain some, but not all, of the observed heterogeneity [3] [4] [5] . There are diabetic patients that develop DR despite a short durations of diabetes and/or excellent glycemic control and other diabetic patients who do not develop DR in the face of long standing diabetes and/or long-term hyperglycemia [2] . Genetic variation may explain some of the remaining heterogeneity in DR development.
A rapid expansion of research on the genetic determinants of DR has been seen in past 2 decades. Clinical and epidemiologic studies have identified a genetic component to DR, but data from studies aimed at identifying genes or genome regions associated with DR have been quite inconsistent [6•, 7••, 8-10] . The variability in results is probably due to several factors including differences in the ascertainment of retinopathy, different definitions of retinopathy, diverse control definitions with regards to duration of diabetes, and inadequate sample sizes. The purpose of this review is to summarize the findings of investigations aimed at uncovering the genetic underpinnings of DR and discuss current efforts in the field.
Heritability and Linkage Studies of Diabetic Retinopathy
The role of genetic factors in shaping susceptibility to DR has been known for many years. Family-based studies have indicated that DR susceptibility is heritable. There is a high concordance of DR severity among twins with both type 1 diabetes (T1D) and type 2 diabetes (T2D) [11] . Depending on the DR phenotype and ethnic population examined, siblings and relatives of diabetic patients with DR have approximately a 2-to 3-fold risk of DR compared with relatives of diabetic patients without DR [12] [13] [14] [15] [16] [17] [18] . The degree of familial aggregation is greater for more severe forms of retinopathy. Heritability has been estimated to be as high as 27 % for DR and 52 % for proliferative diabetic retinopathy (PDR), a more advanced form of the disease [13, 14] .
In the 1980s and 1990s, the dominant study design for examining the genetic basis of pathologic traits has been linkage analysis in families. This type of strategy is based on a search for regions in the genome with more than the expected number of shared alleles among affected individuals within a family. Linkage is quantified using a logarithm of odds (LOD) score with a LOD score of 3 or greater generally considered significant for evidence of linkage. Imperatore and colleagues conducted a sib-pair linkage analysis for DR in Pima Indians with T2D and found only modest evidence of linkage at chromosomes 3 and 9 with LOD scores of 1.36 and 1.46, respectively [19] . A subsequent genome-wide linkage analysis in this population found a stronger evidence for linkage on chromosome 1p with LOD scores of 2.58 and 3.1 for single-point and multi-point analyses, respectively [14] . Hallman et al conducted a genome-wide linkage scan for genes contributing to DR using 794 diabetes participants from 393 Mexican-American families from Starr County, Texas, having at least 2 diabetic siblings [20] . Unconditional linkage analysis revealed only suggestive evidence of linkage with retinopathy on chromosomes 3 and 12.
In summary, linkage studies have yielded limited, inconsistent information about potential genetic loci for DR. This is not unexpected, as linkage studies are an optimal study design for Mendelian, or monogenic, diseases and have had limited success in complex, or polygenic, diseases such as DR. As opposed to monogenic diseases for which there is no significant environmental influence on disease and 1 rare variant is usually causative, polygenic diseases have environmental risk factors and are thought to be caused by many, more common variants, which each contribute a small amount of risk to disease development. Linkage analyses are primarily successful when the causal variant has a large effect size, as in monogenic diseases. In contrast, clinic-or population-based association studies have proven a successful study design for polygenic diseases where effect sizes of the individual causal variants are small [21] and have been the primary approach utilized in DR.
Candidate Gene Association Studies
Association studies for DR, thus far, have predominantly been candidate gene association studies. This study design typically selects participants with and without the disease of interest and compares the frequency of variants with some biologic rationale for a role in the disease between the 2 groups. Genes that have a putative role in DR and have been investigated by several groups include vascular endothelial growth factor (VEGF) gene, aldose reductase (ALR) gene, receptor for advanced glycation end-products (RAGE) gene, and genes in the renin-angiotensin system [7] . Despite a large number of candidate gene studies on DR, no consistent genetic associations with DR have been found using this method. The results from these studies have been well summarized in other reviews [6•, 7••, 9] .
Here we will highlight 2 candidate gene studies because of the strengths of their study design. The first investigation examined erythropoietin (EPO), an angiogenic factor observed in the eye, and found for an association between the T allele of rs1617640 in the EPO promoter and PDR [22] . The strengths of this study were the large sample size (n=2572 across three cohorts), examination of the DR phenotype with greatest heritability (PDR), stringent definition of controls as participants without retinopathy despite diabetes for at least 15 years, and consistency in the effect found across separate cohorts. A second, albeit smaller, study found the opposite allele of this same single nucleotide polymorphism (SNP) in EPO to be associated with DR risk [23] ; additional studies are still needed to confirm this finding. The second candidate gene association study examined rs7903146 in TCF7L2, a consistent risk locus for T2D, and found an association with PDR in Caucasians with T2D that replicated in an independent cohort [24• ]. This study also had a reasonable sample size (n=1139 in the discovery and replication cohorts combined), used the PDR phenotype, defined controls stringently with a minimum diabetes duration of 15 years, and replicated the finding in an independent cohort. TCF7L2 had already been studied in DR with both positive [24•, 25] and negative results [26] , and additional study in other T2D populations is warranted.
Reasons for the lack of overall success with the candidate gene approach include insufficient sample sizes to detect the expected modest effects, lack of comprehensive coverage of variation in the genes of interest, and incorrect hypotheses about which specific genes are involved in the disease process. In an effort to overcome some of these limitations, the Candidate Gene Association Resource (CARe) performed a candidate gene study for DR with a sample size larger than those previously used (n=8040 including discovery and replication cohorts) and comprehensive coverage of variation in 2000 genes associated with cardiovascular, metabolic, and inflammatory pathways [27] . By not choosing specific genes but rather examining pathways and appropriately correcting for multiple hypothesis testing, the investigation was less reliant on the accuracy of a priori hypotheses regarding the causal genes. In the discovery cohort, variants in P selectin (SELP) and iduronidase (IDUA) were significantly associated with DR after multiple-hypothesis testing correction, but these associations could not be replicated in independent cohorts. Of note an association between EPO and DR consistent with that found by the Tong et al study [22] . was detected but the P value was just below the threshold for significance after correction for multiple hypotheses.
Genome-Wide Association Studies
GWAS are the other type of genetic association study that has been employed in the field of DR genetics. They have certain advantages compared with candidate gene studies. In GWAS, SNPs across the entire genome are tested for association to disease. This approach does not rely on a hypothesis about what gene is associated to disease, and therefore is not limited by existing knowledge of biology, which may be incomplete. The more recent genome-wide genotyping platforms also provide high density sampling of all common human genetic variation. However, large sample sizes are still required to detect the modest effect sizes that we expect. A stringent threshold for significance, which has been widely accepted to be 5×10 -8 , must be met to declare an association and replication in independent cohorts is a standard in the field before an association is accepted as bona fide. GWAS have been quite successful in other complex diseases such as agerelated macular degeneration (AMD), T2D, and diabetic nephropathy, and have revealed disease pathways that were not suspected prior to the GWAS discoveries [28] [29] [30] [31] [32] [33] [34] .
GWAS for DR, however, have also not produced any consistent risk loci. The results of these GWAS are summarized in Table 1 . The first study was performed in a MexicanAmerican T2D population on one of the earlier versions of the genome-wide genotyping platforms, which covered common human variation less well than the more recent iterations of the technology. None of the SNPs examined met the threshold for genome-wide significance when they compared 103 cases with moderate to severe nonproliferative diabetic retinopathy (NPDR) and PDR with 183 controls with no DR or early NPDR [35] . The second study took place in a Caucasian T1D population with 973 severe retinopathy cases defined by a questionnaire history of DR laser treatment and 1856 controls who never received laser treatment [36••] . This study did not identify any loci that were genome-wide significant, but generated candidate loci that were subsequently examined in a replications in an independent sample [37] . None of these loci achieved genome-wide significance in the subsequent analysis. A third GWAS for DR in a Chinese T2D cohort with 174 NPDR and PDR cases and 675 controls with no DR reported several variants that were associated with genomewide significant P values [38] . However, this study examined multiple genetic models and did not correct for these additional hypotheses and there was no independent replication attempted. With appropriate correction for the number of ) DME diabetic macular edema, DR diabetic retinopathy, NPDR nonproliferative diabetic retinopathy, PDR proliferative diabetic retinopathy. models examined, the genome-wide significance does not remain. The most recent GWAS of DR was in Chinese participants and compared 570 controls defined as patients with T2D for more than 8 years without DR vs 437 patients with PDR with T2D [39••] . The cases and controls were similar with regards to duration of diabetes and hemoglobin A 1c , the 2 strongest environmental influences on DR, but the study did not reveal any genome-wide significant loci. There are several reasons why DR GWAS have yet to yield significant findings. First, the sample sizes were modest by GWAS standards. As previously discussed, the genetic effects in DR are likely to be modest, with odds ratios of <1.2, and, thus, require large sample sizes to be identified. In other diseases where GWAS has been successful, at least several thousand cases and controls have generally been required for reproducible discovery of associated variants [29, 32] . Second, some of the DR GWAS used case definitions that include milder degrees of retinopathy that bias the results toward the null. The diagnosis of DR is clinically defined by the presence of retinal microvascular lesions in patients with T1D or T2D but, these retinal lesions are not specific and may also be present in patients without DM or normal individuals [17, 18] . A case with minimal retinopathic changes may not represent DR. Cases that are defined as having more advanced levels of retinopathy are likely to avoid this bias. Third, the studies have not consistently defined controls strictly with regards to duration of diabetes. Duration of diabetes has a strong impact on development of retinopathy. A participant who has no retinopathy after two years of T2D may develop PDR in the future. Inclusion of participants with short durations of diabetes can lead to misclassification of controls and also bias results to the null. We recognize that recruitment of controls is difficult and so it poses a challenge for genetic studies of DR [19] . Ideally, controls would be participants with very long durations of diabetes and no retinopathy. These individuals are a small subset of the diabetic population. In studies to date, controls have often been defined more loosely than this to achieve a critical control sample size.
There are also important sources of heterogeneity that might contribute to inconsistencies of the findings between the studies. First, DR ascertainment was performed differently with one study relying on questionnaire documentation of eye laser treatment, which has been validated as a measure of severe retinopathy [14] [15] [16] , and others using fundus examination and/or photography. The gold standard for evaluating DR has been Early Treatment Diabetic Retinopathy Study (ETDRS) 7-standard field 30°stereoscopic color fundus photographs graded using the modified Airlie House classification. Nondilated, wide-field fundus photography with scanning laser ophthalmoscope technology has recently become widely used and found to be comparable with the dilated ETDRS photography protocol in the ability to detect DR lesions [40] . These methods increase the chances that media opacity, such as cataract, which is more common in diabetic patients, does not limit gradability of photographs. They also capture peripheral DR lesions that may not be seen easily on examination of the posterior pole alone or limited-field, central photography. DR ascertainment with multi-field imaging of both eyes across all studies would likely lead to more consistent findings. Second, the various GWAS for DR have examined different case definitions including PDR, NPDR, and diabetic macular edema (DME). In some studies, participants with NPDR were classified as controls whereas in other studies they were considered cases. With such heterogeneity in case-control definition, it is not surprising the findings have varied. Finally, 1 GWAS was performed in participants with T1D, while the other 3 focused on patients with T2D. While DR appears clinically similar in both forms of diabetes, there are some observed differences in the overall prevalence and severity of retinopathy between the 2 forms [41] . We expect variants that impact DR development will be common to both type of diabetes but it is possible that there is some heterogeneity in the genetic susceptibility by diabetes type.
There are several ongoing GWAS of DR around the world. These GWAS are aiming to overcome the limitations of previous GWAS in several ways. First, sample sizes are larger in the ongoing studies. Apart from simply recruiting more participants, studies have been able to combine data sets from diverse populations to increase sample sizes as the technical challenges to aggregating data from different ethnicities have been overcome. There are concerted attempts in these larger genomic studies to harmonize phenotyping and focus on the extreme and more heritable phenotypes including PDR. Finally, collaborative replication of findings between GWAS will be important for distinguishing true findings from false positives. Large-scale consortia have been successful in other diseases, including AMD and T2D [29, 32, [42] [43] [44] [45] . We are hopeful that when these same strategies are employed in GWAS for DR, we will begin to uncover the genetic underpinnings of this disease.
Next-Generation Sequencing
Next-generation sequencing is a recent technologic advance that is having a deep impact on clinical diagnosis and mutation discovery, particularly in Mendelian diseases. Sequencing, or determination of every nucleotide within a DNA molecule, can be performed for a candidate gene, the whole exome (all the protein-coding regions of DNA) or the whole genome. Whole exome sequencing has been shown to be a powerful and cost-effective method for detection of disease variants underlying monogenic diseases [46] . The role of nextgeneration sequencing for polygenic disorders is slowly being uncovered. Its success is contingent on the hypothesis that rarer variants also contribute to genetic susceptibility in complex diseases. There have been some initial promising findings with this approach in other polygenic diseases. For example, Seddon et al applied targeted next-generation sequencing to coding regions of candidate genes within AMDassociated loci and pathways [47] . They found significant association of disease with rare, missense alleles in 3 genes in the complement pathway with significant effect sizes (odds ratios ranging from 2.2 to 3.6). Similar approaches with targeted sequencing of genetic loci that have been replicated consistently in GWAS or whole exome sequencing might eventually prove useful in DR gene discovery as well.
Pharmacogenetics
Intravitreal injection of VEGF inhibitors is an efficacious pharmacologic treatment option for both DME and PDR [48] [49] [50] . Intravitreal or peri-ocular corticosteroids have also had some limited success in the treatment of DME [51] . Response to treatment or risk of side effects with these agents could be influenced by individual genetic polymorphisms in each patient. These variants could be in genes associated with the disease itself or in genes associated in some way with drug pharmacokinetics. The field of pharmacogenetics seeks to uncover such associations. Studies of pharmacogenetics in DR have been limited. One recent report found an association of the VEGF C634G polymorphism with response to therapy [52] . Patients were treated with intravitreal bevacizumab, an anti-VEGF agent, and their response to this drug was assessed by the change in visual acuity and in macular thickness. Thirty-six eyes were designated poor responders and 68 eyes were termed good responders. Participants with the CG and GG genotypes had a decreased chance of positive treatment outcomes compared with participants with the CC genotype. Pharmacogenetic discovery is still in its infancy in DR and larger studies are needed to firmly establish associations with drug response. The goal of finding genetic markers that would help physicians tailor treatment for DME and PDR and/or predict which patients will respond best to certain treatments is an important goal of genetic discovery in DR.
Conclusions
Our understanding of the genetics of DR is limited at the present time. While there is strong evidence to suggest that DR is a heritable trait, linkage studies, candidate gene association studies and GWAS have not yet revealed any reproducible loci for DR. GWAS has been a successful study design for other complex diseases. For GWAS to be successful in DR, larger sample sizes examining cases with severe DR phenotypes and controls with no DR despite long duration of diabetes are needed. DR ascertainment ideally should be done with multi-field photography of both eyes. Rigorous replication in independent data sets with standardized definitions of DR across studies will be key to separating false positive associations from true associations. International collaborations for GWAS that take these methodologic issues into account have great promise for helping us to better understand the underlying genetic architecture of DR susceptibility.
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